Sirtuins extend lifespan across species, although the role in nematodes and fruitflies is controversial. Whether sirtuins can reverse aging-associated degeneration is unknown. Tissuespecific stem cells persist throughout the entire lifespan to repair and maintain tissues, but their self-renewal and differentiation potential become dysregulated with aging. We show that SIRT3, a mammalian sirtuin that regulates the global acetylation landscape of mitochondrial proteins and reduces oxidative stress, is highly enriched in hematopoietic stem cells (HSCs) where it regulates a stress response. SIRT3 is dispensable for HSC maintenance and tissue homeostasis at a young age under homeostatic conditions, but is essential under stress or at an old age. Importantly, SIRT3 is suppressed with aging, and SIRT3 upregulation in aged HSCs improves their regenerative capacity. Our study illuminates the plasticity of mitochondrial homeostasis controlling stem cell and tissue maintenance during the aging process, and shows that agingassociated degeneration can be reversed by a sirtuin.
INTRODUCTION
Aging is a multifaceted degenerative process. Remarkably, lifespan can be extended by single gene mutations (Kenyon, 2010) . A key regulator of organismal longevity is SIR2 (silencing information regulator 2). An extra copy of SIR2 extends lifespan in yeast, worms, and flies (Guarente, 2007) . However, its role in worms and flies has recently become controversial (Banerjee et al., 2012; Burnett et al., 2011) . In mammals, there are seven SIR2 ©2012 Elsevier Inc. All rights reserved. # To whom correspondence should be addressed. danicac@berkeley.edu., DSCADDEN@mgh.harvard.edu. * These authors contributed equally to this work.
homologs (sirtuins), SIRT1-7, localized in various cellular compartments (Finkel et al., 2009) . Recently, mice overexpressing SIRT6 have been shown to have increased lifespan (Kanfi et al., 2012) , providing additional evidence that the role of SIR2 in lifespan extension is conserved throughout evolution. However, it is unclear whether sirtuins can reverse, as opposed to simply slow, aging-associated degeneration.
A hallmark of aging is compromised tissue maintenance (Rando, 2006) . Tissue-specific stem cells self-renew and persist throughout an organism's lifespan to repair and maintain tissues. The self-renewal potential and differentiation capacity of stem cells become dysregulated with age (Rossi et al., 2008; Sahin and Depinho, 2010) . Stem cell aging is thought to be due to cumulative cellular and genomic damages, resulting in permanent cell cycle arrest, apoptosis, or senescence (Janzen et al., 2006; Rossi et al., 2008; Sahin and Depinho, 2010) . A major source of cellular damage is reactive oxygen species (ROS), a natural byproduct of cellular respiration (Balaban et al., 2005) . ROS levels in stem cells increase dramatically with age (Ito et al., 2006) . Deficient intracellular management of ROS results in increased stem cell cycling and apoptosis, as well as compromised self-renewal and differentiation, resembling essential aspects of aged stem cells (Ito et al., 2004; Ito et al., 2006; Miyamoto et al., 2007; Paik et al., 2009; Renault et al., 2009; Tothova et al., 2007) . Despite compelling evidence supporting the essential role of ROS in regulating stem cell aging, outstanding questions still remain unanswered. How do ROS levels increase with age in stem cells? Is stem cell aging a chronic result of cumulative oxidative damage or an acute effect of increased ROS levels? Is ROS-induced physiological stem cell aging and tissue degeneration reversible?
Approximately 90% of cellular ROS are produced in the mitochondria (Balaban et al., 2005) . ROS levels are thought to increase with age due to the accumulation of damaged mitochondria in a self-perpetuating cycle. ROS-induced impairment of mitochondria results in increased ROS production, which in turn leads to further mitochondrial damage. However, nutrient intake and numerous genetic mutations alter the rate of aging with concomitant alteration of mitochondrial metabolism and ROS accumulation, suggesting that mitochondrial homeostasis is amenable to regulation during the aging process (Balaban et al., 2005) .
Metabolic pathways are coordinated through reversible acetylation of metabolic enzymes in response to nutrient availability (Shin et al., 2011) . The sirtuin family has emerged as key regulators of the nutrient-sensitive metabolic regulatory circuit. Prominently, SIRT3 regulates the global acetylation landscape of mitochondrial proteins, and SIRT3-initiated metabolic adaptations enhance mitochondrial management of ROS. SIRT3 increases the activity of antioxidants, such as superoxide dismutase 2 (SOD2) and reduced glutathione, and promotes ROS scavenging (Qiu et al., 2010; Someya et al., 2010; Tao et al., 2010) . Additionally, SIRT3 initiates metabolic reprogramming toward more efficient electron transport and fuel usage away from carbohydrate catabolism, which are thought to result in reduced ROS production (Ahn et al., 2008; Hirschey et al., 2010) . Thus, SIRT3 provides a unique tool to understand mitochondrial metabolism and management of ROS.
In this study, we use hematopoietic stem cells (HSCs) to identify SIRT3 as an essential regulator of physiological stem cell aging. SIRT3 is downregulated with age, contributing to increased ROS levels in aged HSCs. Evidence is provided to show that increased ROS levels in aged HSCs have acute effects on HSC function and that ROS-mediated physiological HSC aging is reversible. These data shed new light on the plasticity of mitochondrial homeostasis in stem cell maintenance and tissue homeostasis during the aging process and have profound implications for understanding aging and rejuvenation.
RESULTS
SIRT3 deficiency has no effect on the HSC pool at a young age (Kiel et al., 2005) . Strikingly, SIRT3 mRNA levels were about 3000-fold higher in HSCs and MPPs than in differentiated blood cells ( Figure 1A-C) . In contrast to the high expression levels of SIRT3, the expression of the other mitochondrial sirtuins, SIRT4 and SIRT5, was too low to be detected in HSCs (data not shown). Thus, SIRT3 is highly enriched in HSPCs and its expression decreases dramatically in differentiated hematopoietic cells.
To assess the functional role of SIRT3 in HSCs, we compared the quantity and quality of HSCs in wild type (WT) and SIRT3 knockout (KO) mice. SIRT3 KO mice fed ad libitum do not have overt phenotypes at a young age (Lombard et al., 2007) . In young animals (3-month old), no difference in the number of immunophenotypically-defined enriched HSPCs or highly enriched HSCs was observed between WT and SIRT3 KO mice ( Figure 1D , E, F). BM cellularity was also comparable ( Figure 1G ). To assess whether SIRT3 affects HSC regeneration capacity in vivo, we performed a competitive transplantation assay. Donor BM cells were transplanted with an equal number of CD45.1 + competitor BM cells to reconstitute the hematopoietic compartment of lethally irradiated recipient mice ( Figure 1H ). BM cells from young WT and SIRT3 KO mice were equally adept at hematopoietic reconstitution ( Figure 1I ). When differentiated, HSCs give rise to all blood cell types including myeloid and lymphoid lineages. To determine whether SIRT3 regulates lineage differentiation, we assayed donor-derived mature hematopoietic subpopulations in the transplanted recipients. No significant difference was observed in the percentages of B cells (B220 + ), granulocytes (Gr1 + ), and macrophages (Mac-1 + ) in the blood ( Figure 1J ). Additionally, we performed in vitro colony-forming assays in which isolated BM mononuclear cells (MNCs) were cultured in methylcellulose medium supplemented with growth factors. The numbers of colonies derived from young WT and SIRT3 KO BM cells were comparable ( Figure 1K ). Thus, SIRT3 is not required to maintain the HSC pool size and regenerative capacity at a young age.
SIRT3 deficiency results in reduced HSC pool at an old age
Given that SIRT3 functions to trigger mitochondrial reprogramming toward reduced oxidative stress (Qiu et al., 2010; Someya et al., 2010; Tao et al., 2010) , we investigated whether SIRT3 regulates HSCs under conditions of elevated oxidative stress, such as aging (Ito et al., 2006) . The size of both HSPC and HSC compartments were 50% smaller in aged (18-24-month old) SIRT3 KO mice compared to their WT littermates (Figure 2A , B, C). BM cellularity of aged SIRT3 KO mice was 15% lower ( Figure 2D ). The reconstitution ability of donor cells from aged SIRT3 KO mice decreased 30% in comparison to agematched WT controls, with B cells, T cells, granulocytes, and macrophages all significantly reduced ( Figure 2E , F). The reduced reconstitution capacity of aged SIRT3-deficient cells is not due to compromised homing ( Figure S1A , B). It is worth noting that cell surface markers can only enrich HSCs, and HSCs are ultimately defined by function. Thus, reduced HSC pool size defined by cell surface markers and reduced reconstitution capacity cannot be compared against each other quantitatively. The reduced reconstitution capacity of aged SIRT3-deficient BM may result from both reduced HSC pool size and reduced function per HSC. In a colony-forming assay, aged SIRT3 KO BM cells gave rise to 20% fewer colonies than WT controls ( Figure 2G ). Thus, SIRT3 is required to maintain HSC pool size and regenerative capacity at an old age.
SIRT3 deficiency causes compromised HSC self-renewal upon serial transplantation stress
A hallmark of stem cells is their ability to self-renew, allowing them to maintain and repair tissues throughout life. HSCs are able to reconstitute lethally irradiated hosts in secondary and tertiary transplants. ROS levels in HSCs increase modestly after the primary and the secondary transplants but increase dramatically after the tertiary transplant (Ito et al., 2006) . We investigated whether SIRT3 is required to sustain HSC function upon serial transplantation ( Figure 2H) . No difference was observed in HSC self-renewal and hematopoietic reconstitution derived from BM cells of young WT or SIRT3 KO mice in the secondary transplant recipients ( Figure 2I , J). However, in the tertiary transplant, SIRT3 KO BM cells resulted in a 50% reduction in HSC self-renewal and reconstitution ( Figure 2I , J, K). Together with the results from aged mice, these data suggest that SIRT3 is required to preserve HSCs under oxidative stress conditions, such as aging and serial transplantation.
SIRT3 regulates HSCs autonomously
We next investigated whether the HSC defects observed in the SIRT3 KO mouse model are due to HSC-autonomous effects of SIRT3 or to a non-autonomous role of SIRT3, e.g. the role of SIRT3 in regulating the HSC microenvironment or the niche. The transplantation studies comparing WT and SIRT3 KO BM-derived donors suggest that SIRT3 acts cellautonomously to maintain HSC self-renewal ( Figure 2H -K). Additionally, when aged WT donors were transplanted into lethally irradiated WT or SIRT3 KO mice, comparable HSC self-renewal, reconstitution, and differentiation were observed (Figure S1C-F). Thus, SIRT3 is not required in the niche to support HSC function. Furthermore, SIRT3 overexpression increased the colony-forming activity of aged SIRT3 KO cells by 25% ( Figure S1G ). These data suggest that the functional defects of HSCs derived from SIRT3 KO mice can be rescued by SIRT3, providing additional support that SIRT3 regulates HSCs autonomously.
SIRT3 reduces oxidative stress in HSCs
We next assessed whether SIRT3 regulates HSPC function by reducing oxidative stress. While HSPCs from young WT and SIRT3 KO mice had comparable ROS levels ( Figure  S2A ), increased ROS levels were detected in HSPCs of aged SIRT3 KO mice compared to WT controls under homeostatic conditions ( Figure S2B ) and under transplant stress ( Figure  3A) . Thus, SIRT3 reduces oxidative stress in HSPCs under stress.
We next investigated whether SIRT3 promotes oxidative stress resistance in HSCs. BM cells from WT and SIRT3 KO mice were cultured with or without paraquat, a superoxidegenerating compound. The cell survival rates for the SIRT3 KO HSC and LKS populations were 37% lower than WT controls ( Figure 3B ), suggesting that SIRT3 promotes HSC survival in response to oxidative stress. Next, we determined whether the defects in SIRT3-deficient HSCs are due to an increase in cell death. No significant difference was detected between various BM cell populations of young WT and SIRT3 KO mice ( Figure S2C ). However, in aged SIRT3 KO mice, the percentage of dead cells in the HSC and HSPC populations doubled relative to the WT controls, but no difference in the Lin-and Lin+ fractions was observed ( Figure 3C, S2D) , consistent with the SIRT3 expression pattern in these populations ( Figure 1A ).
HSCs are normally maintained in a quiescent state, which protects HSCs from losing their self-renewal capacity (Rossi et al., 2008) . Oxidative stress drives HSCs out of quiescence (Ito et al., 2006; Miyamoto et al., 2007; Tothova et al., 2007) . We evaluated cell cycling by staining with Ki67, a cell proliferation marker, and with Pyronin Y (PY), a chemical that stains double-stranded RNA. PY negative populations quantitatively represent quiescent cells (Miyamoto et al., 2007) . No difference in cell cycling was noted in HSCs of WT and SIRT3 KO mice ( Figure S2E-H) . However, differences in cycling were observed under stress. There was a 40% reduction in PY negative HSPCs derived from SIRT3 KO BM compared to WT controls in a transplant setting ( Figure 3D, S2I) . Thus, SIRT3 deficiency results in increased cycling and reduced survival, which may account for the compromised HSC self-renewal.
To determine whether increased oxidative stress is the underlying cause of compromised function in HSCs lacking SIRT3, we examined whether antioxidant treatment could restore the repopulating ability of aged SIRT3 KO cells. We performed a competitive transplant with BM cells from aged WT and SIRT3 KO mice, and the transplant recipients were supplemented daily with the antioxidant N-acetyl-L-cysteine (NAC), which has been shown to effectively reduce ROS levels in HSCs (Miyamoto et al., 2007) . NAC treatment rescued reconstitution defects of aged SIRT3 KO HSCs ( Figure 3E ), demonstrating that oxidative stress indeed compromises HSC function in the absence of SIRT3.
SIRT3 regulates mitochondrial metabolism in HSCs
We next determined how SIRT3 regulates mitochondrial metabolism in HSPCs. SOD2, a key mitochondrial antioxidant, is a substrate of SIRT3 (Qiu et al., 2010; Tao et al., 2010) . We tested whether SIRT3 reduces oxidative stress in HSCs by activating SOD2. SIRT3 enhances the enzymatic activity of SOD2 via a posttranscriptional mechanism (Qiu et al., 2010; Tao et al., 2010) . Consistently, SOD2 mRNA levels were comparable in WT and SIRT3 KO HSPCs ( Figure 3F) . However, the enzymatic activity was 50% lower in SIRT3 KO HSPCs compared to WT controls ( Figure 3G ). To determine the effects of oxidative stress on mitochondrial function, we used two mitochondria-specific labels to distinguish respiring (MitoTracker Red) versus total (MitoTracker Green) mitochondria. Dysfunctional non-respiring mitochondria (low MitoTracker Red relative to MitoTracker Green) increase with age ( (Balaban et al., 2005) and Figure S2J ). There was a 40% increase in dysfunctional non-respiring mitochondria in aged SIRT3 KO HSCs compared to the age-matched WT control ( Figure 3H ). Thus, SIRT3 regulates mitochondrial metabolic homeostasis and integrity in HSPCs.
SIRT3 expression reduces with age in HSCs
Next, we examined how SIRT3 is regulated with age. SIRT3 mRNA levels were 70% lower in HSPCs of old mice compared to those in young mice ( Figure 3I, J) . To determine whether SIRT3 activity is also decreased with age, we compared expression and the enzymatic activity of SOD2 in HSPCs of young and old mice. SOD2 mRNA levels were unchanged with age ( Figure 3K) . However, the enzymatic activity was reduced by 30% in aged HSPCs compared to young HSPCs ( Figure 3L ). Together, these data indicate that SIRT3 expression and activity decrease with age and that suppression of SIRT3-mediated mitochondrial homeostasis contributes to increased ROS in aged HSCs.
SIRT3 upregulation rescues functional defects of aged HSCs
We next determined whether SIRT3 upregulation is sufficient to rescue the functional defects of aged HSCs and reverse aging-associated degeneration. Consistent with the role of SIRT3 in reducing oxidative stress, SIRT3 overexpression reduced the ROS levels in aged HSCs ( Figure 4A, S3A, B) . While the expression of p19 and BAX increased in HSPCs of aged SIRT3 KO mice compared to WT controls, SIRT3 overexpression in aged HSPCs suppressed their expression ( Figure 4B ). Two assays confirmed functional rescue of aged HSCs by SIRT3 upregulation. In a colony-formation assay, SIRT3 overexpression increased the colony-forming activity of aged HSCs by 40% ( Figure 4C) . In a competitive transplantation assay, SIRT3 overexpression resulted in a 5-fold increase in functional reconstitution, with B cells, granulocytes, and macrophages all increased ( Figure 4D, E, F) . Interestingly, SIRT3 overexpression did not reduce cellular ROS levels and improve the functional capacity of young HSCs ( Figure S3C, D) , consistent with the observation that SIRT3 is required to maintain HSC self-renewal in aged but not young mice (Figure 1, 2) . Together, these data indicate that forced SIRT3 expression can reduce oxidative stress and rejuvenate aged HSCs.
SIRT3 deacetylates critical lysine residues on SOD2 and improves the antioxidative activity of SOD2 (Qiu et al., 2010; Tao et al., 2010) . We next examined whether constitutively deacetylated SOD2 can improve the functional capacity of aged HSCs without SIRT3. WT or mutant SOD2 with lysines 53 and 89 mutated to arginines (K53/89R) to mimic the constitutively deacetylated form were ectopically expressed via lentiviral infection in Lin − cells isolated from aged SIRT3 KO mice. Infected cells were treated with paraquat to assay oxidative stress resistance. Compared to control virus, SOD2 K53/89R improved the survival of HSCs by 67% while WT SOD2 had no effect ( Figure 4G ). Furthermore, in a colony-formation assay, SOD2 K53/89R increased colony forming activity by 75% while WT SOD2 infected cells showed comparable activity as cells infected with control virus ( Figure 4H ). These data suggest that constitutively deacetylated SOD2 bypasses SIRT3 to improve the function of aged HSCs and provide additional support that reducing oxidative stress improves the functional capacity of aged HSCs.
Discussion
The study presented here provides important insights into mitochondrial metabolism in stem cell maintenance, and illuminates the previously underappreciated plasticity of mitochondrial homeostasis in stem cell maintenance and tissue homeostasis during the aging process. Using oxidative stress as a readout for various mitochondrial processes regulated by SIRT3, we show that SIRT3-mediated mitochondrial homeostasis is essential for HSC maintenance under stress (Figure 1, 2) , and that this regulatory program is downregulated with age ( Figure 3I-L) . Together, these data suggest that suppression of SIRT3-mediated mitochondrial homeostasis contributes to increased oxidative stress in aged HSCs. This regulatory process complements the view that passive accumulation of damaged mitochondria with age results in increased ROS and underlies the plasticity of mitochondrial homeostasis in stem cell maintenance and tissue homeostasis ( Figure 4I ).
The more surprising finding of our study is that upregulation of SIRT3 rescues functional defects of aged HSCs (Figure 4) , providing direct evidence that physiological stem cell aging can be an acute casualty of high levels of oxidative stress and that oxidative stressinduced physiological stem cell aging and tissue degeneration are reversible. Although we do not rule out the possibility that chronic oxidative damage to cellular components contributes to the functional decline of aged stem cells, our data suggest that ROS-initiated signaling events are the likely regulators of physiological stem cell aging, providing the basis for reducing oxidative stress to rejuvenate aged stem cells and improve tissue regeneration.
It is intriguing that HSC defects are only apparent in aged but not young SIRT3 KO mice (Figure 1, 2) . This is consistent with our observation that SIRT3 preserves HSC function by reducing oxidative stress ( Figure 3A-E) . Young mice have low levels of cellular ROS, which can be managed by antioxidants in the absence of SIRT3 ( Figure S2A ). With advancing age or stress, such as serial transplants, the levels of ROS increase (Ito et al., 2006) . High levels of cellular ROS require a more robust antioxidative defense system. SIRT3 mediates metabolic reprogramming to reduce ROS production and enhances the antioxidant system to counteract oxidative stress ( Figure 3A, B) . These data suggest that SIRT3-mediated mitochondrial homeostasis is particularly important for stem cell maintenance under stress conditions. With advancing age, oxidative stress increases in HSCs, and aged HSCs rely more on the SIRT3-mediated mitochondrial stress response. However, as SIRT3 is downregulated in aged HSCs, this stress response becomes less effective, further contributing to increased oxidative stress.
In summary, we have shown that SIRT3 regulates stress-responsive mitochondrial homeostasis, and more importantly, SIRT3 upregulation rejuvenates aged HSCs. We speculate that SIRT3 may regulate stem cells in other tissues. Given that adult stem cells are thought to be central to tissue maintenance and organismal survival, SIRT3 may promote organismal longevity by maintaining the integrity of tissue-specific stem cells. Future studies will determine the effect of SIRT3 on lifespan. While evidence is emerging to indicate that mammalian sirtuins slow aging (Kanfi et al., 2012) , our study demonstrates that a sirtuin can also reverse aging-associated degeneration. The understanding of the plasticity of mitochondrial homeostasis in stem cell maintenance and tissue homeostasis should provide new insights into mammalian aging and rejuvenation, and the development of novel approaches for regenerative medicine.
EXPERIMENTAL PROCEDURES
Mice SIRT3 −/− mice have been described (Lombard et al., 2007) . All mice were housed on a 12:12-hr light:dark cycle at 25°C. All animal procedures were in accordance with the animal care committee at the University of California, Berkeley.
Flow Cytometry and Cell Sorting
BM cells were obtained by crushing the long bones with sterile PBS without calcium and magnesium supplemented with 2% FBS. Lineage staining contained a cocktail of biotinylated anti-mouse antibodies to Mac-1α (CD11b), Gr-1 (Ly-6G/C), Ter119 (Ly-76), CD3, CD4, CD8a (Ly-2), and B220 (CD45R) (BD Biosciences). For detection or sorting, we used streptavidin conjugated to PerCP, c-Kit-APC, CD48-FITC, CD150-PE-Cy7, and Sca-1-Pacific blue (Biolegend). For congenic strain discrimination, anti-CD45.1-PE or PerCP and anti-CD45.2 FITC or PE-Cy7 antibodies (BD Biosciences) were used. For cell cycle analysis, Pyronin Y staining was performed as described (Miyamoto et al., 2007) and Ki-67 staining was performed according to the manufacturer's recommendation (BD Biosciences). For cell death, we used propidium iodide staining (Biolegend) with the same antibodies as described above, except Streptavidin-APC-Cy7, c-Kit-FITC, and CD150-APC (Biolegend). ROS levels were detected using H 2 DCFDA (Invitrogen) at 10 μM for 30 minutes at 37° in the dark (Miyamoto et al., 2007) . MitroTracker Red and MitoTracker Green (Invitrogen) were used according to manufacturer's instructions. All data were collected on an LSRII (Beckon, Dickinson) and data analysis performed with FlowJo (Treestar). For cell sorting, lineage depletion was performed according to the manufacture's instructions (Miltenyi Biotech). Cells were sorted using a Cytopeia INFLUX Sorter.
Transplantation Assays
5×10 5 BM cells from WT or SIRT3 KO CD45.2 littermates were mixed with 5×10 5 CD45.1 B6.SJL (Jackson Laboratory) competitor cells and injected into lethally irradiated (950 Gy) B6.SJL recipient mice. For the niche experiment, 1×10 6 BM cells from WT CD45.1 B6.SJL were injected into lethally irradiated WT or SIRT3 KO CD45.2 recipients. Multilineage reconstitution was assayed by flow cytometry analysis of peripheral blood 12 to 16 weeks post transplant. For the serial transplantation assay, cells were pooled from all the recipients derived from the same donor. 1×10 6 whole BM cells were transplanted into each secondary recipient (Miyamoto et al., 2007) . Homing efficiency was analyzed as described (Christopherson et al., 2004) .
Cell culture
2×10 4 BM cells were used for colony formation assay in methylcellulose-based medium (Stem Cell Technologies). For paraquat treatment, 1×10 6 BM cells were cultured in StemSpan SFEM (Stem Cell Technologies) supplemented with 20 ng/mL thrombopoietin, 100 ng/mL SCF, and 100 ng/mL FLT3 ligand (Invitrogen), and 1% Penicillin Streptomycin (Invitrogen), with 200 uM paraquat for 2 days. BM cells were stained with cell surface markers for various cell populations and counted via flow cytometry.
Gene expression
mRNA was extracted from sorted BM subpopulations using Trizol (Invitrogen). Reverse transcription was performed using qScript ™ cDNA SuperMix (Quanta Biosciences). Gene expression was determined by real time PCR using Eva qPCR SuperMix kit (BioChain Institute) on an ABI StepOnePlus. GAPDH or b-actin was used as an internal control. Primer sequences are in table S1.
SOD Activity
SOD activity was measured as described (Qiu et al., 2010) .
Lentiviral Transduction
Stem and progenitor cells from an aged mouse were enriched using a lineage depletion kit (Miltenyi Biotec). Lineage depleted BM cells were pre-stimulated for 24 hours in StemSpan SFEM (Stem Cell Technologies) supplemented with 20 ng/mL thrombopoietin, 100 ng/mL SCF, and 100 ng/mL FLT3 ligand (Invitrogen), and 1% Penicillin Streptomycin (Invitrogen). SIRT3, SOD2, SOD2 K53/89R were cloned into pFUGW lentiviral construct. Lentivirus was produced as described (Qiu et al., 2010) , concentrated by centrifugation, and resuspended with supplemented StemSpan SFEM media. The lentiviral media was added to the enriched stem and progenitor cells, spinoculated for 90 minutes at 270 × g in the presence of 8μg/ml polybrene. This process was repeated 24 hours later with a fresh batch of lentiviral media. After an additional 24 hours, 5× 10 4 transduced cells were mixed with 5× 10 5 competitor cells (CD45.1) for competitive transplantation. 750 transduced cells were used for colony formation assay. 2.5×10 5 transduced cells were used for paraquat treatment.
Statistical analysis
Student's t-test was used for statistical analyses and null hypotheses were rejected at 0.05. The error bars represent standard errors.
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HIGHLIGHTS
• SIRT3 is highly enriched in HSCs and is suppressed in differentiated cells
• SIRT3 regulates HSC self-renewal under stress or at an old age
• SIRT3 regulates mitochondrial metabolic homeostasis and reduces ROS in HSCs
• SIRT3 is suppressed with age and its upregulation rejuvenates aged HSCs HSPCs were isolated from the BM of young or old mice. SIRT3 expression levels were quantified by real time PCR (I) and western blotting (J) (n=3). K, L. SOD2 mRNA levels (K) and the enzymatic activity (L) in the HSPCs of young and old mice were determined. n=4. Error bars represent standard errors. *: p<0.05. **: p<0.005. ***: p<0.001. See also Figure S2 . G, H. Lin − cells isolated from old SIRT3 KO mice were infected with a control virus, WT SOD2 virus, or SOD2 K53/89R virus. Cells were treated with paraquat and HSC survival was scored by flow cytometry (G). n=3. Colony-forming activity was determined in a colony-forming assay (H). n=6. I. A proposed model on stem cell aging and rejuvenation regulated by SIRT3-mediated mitochondrial homeostasis. Error bars represent standard errors. *: p<0.05. **: p<0.005. ***: p<0.001. See also Figure S3 .
